mers by cross-linking those substrate proteins, whereas another isozyme, TGase 3, is only able to oligomerize those proteins (19) . TGase 1 knockout (TGase 1 -/-) mice lack the CE, which indicates that TGase 1 is essential for formation of the CE in vivo (20) . The ultrastructural features of IC type I include numerous intracellular lipid droplets within corneocytes. IC type II has a characteristic thin CE as well as lipid droplets and/or crystalloid inclusions (cholesterol crystals) within the cells. TGase 1 catalytic activity and its protein levels are actually decreased in cultured keratinocytes derived from LI patients with TGase 1 mutations (8, 21) . Regardless of the progress in these biological and genetic analyses of TGase 1, the mechanism(s) by which TGase 1 mutations lead to the ichthyosiform skin phenotypes of LI and CIE has not been delineated.
TGase 1 -/-mice die soon after birth with impaired skin barrier functions (20) . The skin permeability barrier is maintained by lipid lamellar bilayers organized in the intercellular matrix of the SC (reviewed in ref. 22) . The intercellular lipids include ceramides, cholesterol, and fatty acids, together with smaller amounts of phospholipids and glucosylceramides (reviewed in ref. 23 ). The lipid lamellae are formed by the rearrangement of lamellar disks released from lamellar granules into the interface of the SC and the uppermost cells of the granular layer (24) . The minimum unit of the lipid membrane is the double bilayer, whose layers interact with each other and also with the adjacent corneocyte lipid envelope (CLE) (25) . The CLE is an approximately 5-nm-thick lipid monolayer that is covalently attached to the surface of the CE (26, 27) . ω-Hydroxyceramide, a major component of the CLE, is linked by an ester bond to involucrin and other constituent peptides of the CE (26, 28, 29) , also probably via TGase 1 enzyme activity (30) . The CLE is believed to function as a scaffold for the deposition of intercellular lamellae to maintain permeability barrier homeostasis (31) . In some cases of LI and CIE, incompletely formed intercellular lamellae and disorganized lamellar arrays have been found (32) . However, it has not been documented whether those abnormalities in the SC interstices are associated with TGase 1 mutations.
In this study, we demonstrate that TGase 1 is essential for the development of the skin permeability barrier and for the organization of the SC intercellular lipid lamellar structure of stratified squamous epithelia, possibly via formation of the CLE. Moreover, we show evidence that skin lacking TGase 1 develops an ichthyosiform phenotype as it matures, which suggests that this particular phenotype may be due to a physical compensation for the impaired skin barrier by massive hyperkeratosis.
Methods
Animals. All studies involving animals were reviewed and approved by the Animal Use and Care Committee of the Kyoto Prefectural University of Medicine. All animals used for this study were maintained under pathogenfree conditions. TGase 1 -/-mice were generated by intercrossing of TGase 1 +/-mice (129/Sv × C57BL/6), as described previously (20) . TGase 1 +/-mice were timemated within 2 hours and the midpoint of the mating time was designated as gestational age 0 (33). Days postcoitum (dpc) were calculated from the time designated as 0. Genotypes of embryos and neonates were determined by PCR analysis of tail DNA using three primers, P3 (5′-CCAAAGGCCTACCCGCTTCCATTGCTCAGC-3′), P4 (5′-AGCTACTGGGGGCGGGCGGGTGACTCTTCTA-3′), and P5 (5′-GCGTAGGTTTAGGTTGTGTCCGTTGTTCT-TAG-3′). Primers P3 and P5 were designed to distinguish the 0.7-kb targeted allele band from the 0.5-kb wild-type band amplified by primers P4 and P5. As controls for these experiments, we used TGase 1 +/-or wild-type littermates of TGase 1 -/-mice.
Skin grafting. Five control and six TGase 1 -/-neonates were killed by decapitation, and their dorsal skins were excised and transplanted onto athymic nude mice. Those grafted skins were fully adapted within 1 week of grafting. Two weeks after the transplantation, the permeability barrier function of the grafted skins was assessed, and those skins were then harvested for histological analysis.
Measurement of TEWL. TEWL from skins of embryonic and neonatal mice and from skins grafted on nude mice was examined under normal conditions, using a Courage and Khazaka Tewameter TM210 (Courage and Khazaka Electronic Co., Cologne, Germany), as described previously (20) . Data are expressed in g/m 2 /h as means ± SD of nine different measurements. The statistical significance of data was estimated using a one-or two-way ANOVA repeated measure with Scheffe's test for grafted skins or for embryonic and neonatal mice, respectively.
Skin permeability assay. The in situ skin permeability assay using toluidine blue was performed as described by Hardman et al. (33) . Embryos and neonatal mice were rinsed in PBS and immersed in 25%, 50%, 75%, and 100% methanol for 1 minute each successively; they were then rehydrated in PBS and stained in 0.1% toluidine blue for 10 minutes at room temperature. They were briefly washed in PBS and were immediately photographed.
Preparation of CEs. Excised dorsal skins of 18.5-dpc mice were immersed in PBS containing 10 mM EDTA at room temperature for 1 hour to separate the epidermis. Epidermal sheets were heated in 2% SDS extraction buffer (0.1 mM Tris [pH 8.5] and 20 mM DTT, 5 mM EDTA, 2% SDS) at 95°C for 10 minutes (34) . Insoluble CEs were precipitated by centrifugation at 9,000 g for 15 minutes.
Immunohistochemistry and immunofluorescence. Tissues were fixed in 10% formaldehyde in PBS, then embedded in paraffin. Those tissues were sectioned at 4 µm thickness, and deparaffinized sections were subjected to immunohistochemistry as well as to hematoxylin-andeosin staining. A Vectorstain Universal kit (Vector Laboratories Inc., Burlingame, California, USA) was used for immunohistochemistry according to the manufacturer's instructions. The rabbit polyclonal anti-mouse pro-liferating cell nuclear antigen (PCNA) antibody used as a primary antibody was purchased from Sigma Chemical Co. (St. Louis, Missouri, USA). Immunofluorescence for involucrin and loricrin was performed as described previously using rabbit polyclonal mouse loricrin and mouse involucrin antibodies (Covance Research Products Inc., Richmond, California, USA) (35) .
Electron microscopy. Freshly obtained samples were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, containing 0.05% CaCl 2 for 5 hours at room temperature and subsequently for 5 hours at 4°C. Forty-micrometer sections were made with a Komatsu Electronics MB201 freezing microtome (Komatsu Electronics Inc., Tokyo, Japan). The sections were postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer, pH 7.4, containing 0.8% potassium ferrocyanide for 60 minutes at 4°C. Samples were then dehydrated in graded ethanol series and were subsequently embedded in Epok 812 (Okenshoji Co., Tokyo, Japan). Ultrathin sections were stained with uranyl acetate and lead citrate and were examined in a Hitachi H-7000 electron microscope (Hitachi Science Systems, Hitachinaka, Japan). To examine intercellular lipid lamellae, the protocol was modified (36) : samples were postfixed in 0.2% ruthenium tetroxide (Polysciences Inc., Warrington, Pennsylvania, USA) in 0.1 M cacodylate buffer containing 0.5% potassium ferrocyanide for 30 minutes at room temperature. To visualize the CLE, skin samples were immersed first in absolute pyridine for 2 hours prior to aldehyde fixation as described previously (37) .
Results
Defective skin barrier development in TGase 1 -/-mice. We have shown that TGase 1 -/-neonates have impaired skin barrier function including a marked increase in TEWL (20) . We first examined the development and patterning of the skin barrier in TGase 1 -/-mice using an in situ skin permeability assay. In wild-type mice at 15.5 dpc, the entire skin stained with toluidine blue (Figure 1a ). At 16.5 dpc, the ventral side of wild-type embryos remained blue, but their dorsal regions were less stained, and dorsal staining varied slightly among pups at that age. In embryos after 17.5 dpc and in neonates, the skin was wholly unstained. The staining patterns of TGase 1 +/-embryos were essentially identical to that of wild-type mice at all ages (not shown). In contrast, TGase 1 -/-embryos from 16.5 to 18.5 dpc, and even TGase 1 -/-neonates, were completely stained blue and no patterned staining was noted at any developmental stage. In parallel with that assay, we examined patterns of loricrin and involucrin expression in TGase 1 -/-skin by immunofluorescence, but no differences in the expression of those CE precursor proteins were observed between control and TGase 1 -/-mice.
The development of the skin barrier in the late gestational period was also assessed by measuring TEWL (Figure 1b) . In wild type-mice, embryos at 15.5 dpc showed markedly high levels of TEWL, as compared with neonates. At 16.5 dpc, the TEWL levels decreased slightly but significantly. After 17.5 dpc, TEWL had decreased to the level of neonates. The TEWL of TGase 1 +/-mice was almost identical to that of wildtype mice at each developmental stage. In contrast, in TGase 1 -/-mice, no significant decrease in TEWL was observed at 16.5 dpc, or even at 17.5 or 18.5 dpc. Those TEWL levels were similar to those of 15.5-dpc wild-type embryos and of TGase 1 -/-neonates, and thus the embryonic development of the skin barrier was defective in TGase 1 -/-mice.
To assess alterations in components of the CE due to the TGase 1 deficiency, we tried to isolate remnants of insoluble CEs from 18.5-dpc TGase 1 -/-epidermis. We were able to isolate intact CEs from TGase 1 +/-and from wild-type epidermis, but no insoluble materials for biochemical analysis were obtained from the TGase 1 -/-epidermis ( Figure 1c ).
Figure 1
Defective development of the skin permeability barrier and loss of insoluble CEs in TGase 1 -/-mice. (a) In situ dye permeability. The entire skin of the wild-type embryo at 15.5 dpc is permeable to toluidine blue. Wild-type embryos at 16.5 dpc become partially impermeable to the dye in a variable patterning manner dorsolaterally, and at 17.5 dpc and thereafter their skin is resistant to the stain. In contrast, TGase 1 -/-embryos and neonates are totally permeable to the dye at all times during their development. (b) Time course of TEWL in late embryogenesis. In wildtype embryos at 15.5 dpc, TEWL is high, but at 16.5 dpc, the level of TEWL begins to decrease (P < 0.0001), and at 17.5 dpc and later, TEWL is decreased to the level of neonates. In contrast, the TEWL levels in TGase 1 -/-embryos and neonates remain as high as at 15. Arrows in a-f, k, and l, lipid membranes; arrows in g and i, CLE; arrowheads in a, c, e, g, i, and k, CE. SG, stratum granulosum; C, corneocytes.
We have reported recently that TGase 1 is also expressed in large amounts in the lung, liver, and kidney and that it is concentrated at intercellular adherens junctions of simple epithelial cells (38) . Therefore, we examined the ultrastructure of simple epithelial cells of those tissues, including the intercellular junctions in TGase 1 -/-mice. In addition, we also examined intestinal epithelia and endothelial cells of the aorta. However, we found no morphological abnormalities in any of those tissues.
Defects in the SC lipid lamellae and CLE of 18.5-dpc TGase 1 -/-mice. The developmental defects in the skin barrier of TGase 1 -/-mice might be accompanied by disturbances in the intercellular lipid lamellae, which compose a major water permeability barrier of the SC. We visualized the ultrastructure of lipid lamellae in 18.5-dpc TGase 1 -/-mouse skin postfixed with ruthenium tetroxide. For these studies, we used TGase 1 +/-mice as controls since no phenotypic differences were observed between wild-type and TGase 1 +/-mice (20) . In the interface between the stratum granulosum and the SC of control epidermis, lipid membranes were released into the intercellular spaces from lamellar granules and formed regularly aligned lamellar membranes ( Figure  2a) . However, in TGase 1 -/-mouse epidermis, the interface was irregular, and released lipid membranes failed to align properly in the intercellular spaces (Figure 2b ). In the SC of control mice, corneocytes were flattened and piled up evenly (Figure 2c ). The lipid lamellar membranes were arranged regularly with a repeat pattern of lucent and dense bands between adjacent CEs ( Figure  2e ). In contrast, the formation of the lipid lamellar structure was markedly damaged in the TGase 1 -/-mouse epidermis, where incomplete and irregularly deformed lamellae were distributed sparsely between unevenly folded cornified cells (Figure 2, d and f) .
Moreover, we visualized the innermost lipid membrane, corresponding to the CLE, by pyridine treatment of the skin. In control mice, the CLE was clearly visible along the CE (Figure 2g ). In contrast, the CLE as well as the CE was almost completely lost in the SC of TGase 1 -/-mice (Figure 2h) .
The lipid lamellar structures in stratified squamous epithelia of the tongue, esophagus, and forestomach were also examined. The SC was absent in the esophageal epithelia of 18.5-dpc mice in both wild-type and TGase 1 -/-groups (data not shown). This is to be expected since it takes 1 month for keratinization of the mouse esophagus after birth (39) . In the lingual epithelia of control mice, the lipid lamellae were not fully developed, but possible CLEs were evident in parallel with CEs (Figure 2i ). In TGase 1 -/-mice, the CLE appeared to be absent and the intercellular spaces were widened with irregular borders of corneocytes ( Figure  2j ). In contrast to the tongue, the lipid lamellae were well developed in the forestomach epithelium from control mice (Figure 2k) . However, the forestomach of TGase 1 -/-mice showed irregularly arrayed lipid lamellae with interruptions ( Figure 2l) .
Ichthyosiform phenotype of transplanted TGase 1 -/-mouse skin. The gross skin morphology of TGase 1 -/-neonates resembles the collodion baby phenotype with shiny, erythrodermic skin, rather than a typical case of LI with large, brownish, platelike desquamations (20) . Since those neonates die soon after birth, it was impossible to follow the phenotypic changes in the skin of TGase 1 -/-mice after birth. Therefore, we grafted their skin onto nude mice and analyzed its morphological alterations in the skin after birth. TGase 1 +/-skin was also grafted onto nude mice as control. Two weeks after transplantation, the control grafts were covered with hair, as occurs in normal mouse skin (Figure 3a, left) . However, skins grafted from TGase 1 -/-progeny exhibited erythema with thick scales, which resembled severe ichthyosis (Figure 3a, right) . The histology of control skin grafts on nude mice was similar to that of normal adult mouse skin (Figure 3b) . In contrast, skins grafted from TGase 1 -/-neonates showed epidermal acanthosis, severe hyperkeratosis, and immature hair follicles (Figure 3d ), although TGase 1 -/-neonates showed no acanthosis of the epidermis (20) . Loss of epidermal pegs and rete ridges were also evident. Immunohistochemistry revealed that PCNA-positive cells were increased in the acanthotic epidermis of the grafted TGase 1 -/-mouse skin (Figure 3e) , suggesting hyperproliferation of the epidermis.
At the ultrastructural level, skins grafted from control mice had ridged cornified layers with electrondense cytoplasms and intact CEs (Figure 4, a and b) . The SC of skins grafted from TGase 1 -/-mice was more compact than in 18.5-dpc TGase 1 -/-mouse skin but had markedly piled up in over 80 layers (Figure 4c ). The CE was still lost, and abnormal electron-dense granules were evident close to the plasma membrane (Figure 4d Abnormalities in the intercellular lipid lamellae and in the CLEs are retained in the mature TGase 1 -/-mouse skin. The defective intercellular lipid lamellae and CLEs seen in 18.5-dpc TGase 1 -/-mice might be repaired or altered during the maturation of the skin. To ascertain possible phenotypic changes in those structures, we next examined the ultrastructure of ruthenium tetroxide-postfixed or pyridine-treated samples from the grafted TGase 1 -/-mouse skin. In skins grafted from control mice, release of lipid membranes from lamellar granules and formation of intercellular lipid lamellae at the interface of the granular and cornified layers were intact (Figure 5a ). The structures of the lipid lamellae between the cornified layers were almost normal (Figure 5c ). In contrast, in the grafted TGase 1 -/-mouse skins, formation of the lipid lamellae stacks was poor and retention of lamellar granules was evident (Figure 5b ). In the extracellular spaces of the SC, formation of the lipid lamellae was apparently incomplete (Figure 5d ). Some vacuoles surrounded by remnants of lamellar granules were noted within the cornified cells (Figure 5e ). In the SC of the grafted control skin, the CLE was normally formed along the CE (Figure 5f ). However, in the grafted TGase 1 -/-mouse skin, the CLE as well as the CE was still completely absent (Figure 5g) .
Recovery of TEWL in the transplanted, ichthyosiform TGase 1 -/-mouse skin. We next measured TEWL from the mature TGase 1 -/-mouse skins grafted on nude mice. In grafted control skins, TEWL was 1.89 ± 0.33 g/m 2 /h, a level similar to that found in normal neonatal skin (Figure 1b) . The TEWL levels of TGase 1 -/-neonates were very high (Figure 1b) , whereas TEWL from the grafted mature TGase 1 -/-mouse skin, which had massive scales, was markedly decreased to 2.41 ± 0.46 g/m 2 /h, a level comparable to that of the grafted control skin. However, when the scales were carefully removed with forceps, TEWL was increased and was restored to 27.1 ± 2.05 g/m 2 /h, a level as high as the TEWL of the TGase 1 -/-neonates (Figure 1b) . Thus, the thick scales generated during maturation of the TGase 1 -/-skin serve to prevent water loss from the skin surface.
Discussion
In this study, we demonstrate that TGase 1 is essential to the development of the cutaneous permeability barrier. In normal development of mice, the skin barrier rapidly appears at 16 dpc in a patterned fashion (33) . Analyses of in situ dye permeability and of TEWL in embryonic mouse skin clearly reveal that the development of the skin barrier and its patterning is totally defective in TGase 1 -/-mice. This result indicates that the impaired skin barrier function of TGase 1 -/-neonates is due to defective development of the skin barrier at an embryonic stage. The patterning in the permeability barrier during development needs prior expression of loricrin, the major component of the CE (33) . However, no delay or decrease in loricrin expression was evident in developing TGase 1 -/-mouse skin. Instead, TGase 1 -/-embryos at 18.5 dpc show abnormalities in intercellular lipid lamellar structures of the SC, which are critical for the permeability barrier homeostasis (22) . Defects in the formation of lipid lamellae cause dysregulation of the skin permeability barrier in developing TGase 1 -/-mice.
The permeability barrier of the skin is regulated by organization of intercellular lipid lamellae, which depends on the formation of the CLE (31) . In spite of the important role of those structures, the lipid lamellae are disorganized and the CLE as well as the CE is lost in TGase 1 -/-mice. A major component of the CLE, ω-hydroxyceramide, is covalently bound to protein components of the CE at its surface, possibly via the action of TGase 1 (30) . Therefore, the loss of the CLE in TGase 1 -/-mice may be caused by the dysfunction of the TGase 1 catalytic reaction required for the formation of the CLE and for the cross-linking CE, which results in disorganization of the intercellular lipid lamellae in the SC. We speculate that those incomplete structures at the cell periphery and interstices of the SC result in a loss of the rigid cellular contour and in uneven folding of the cell boundaries.
The arrangement of lipid membranes in the interstices of the SC starts at the interface of the cornified layer and the uppermost granular layer. In 18.5-dpc TGase 1 -/-mice, lamellar granules containing lipid discs are produced and the contents are released into the interface almost normally. The uncoiling of the lipid discs seems to be correct there, but the alignment step of the lipid membranes appears to be uncontrolled and eventually results in the disorientation of lipid membranes and the disorganized array of lipid lamellae in the SC. Thus, the "slipping" of the lipid membranes in this step may be one characteristic of TGase 1 -/-mice. This slippery outer surface of the cells in the uppermost granular layer might be due to the absence of the CLE, which plays an important role in the formation of the mature lipid lamellae.
We had initially expected that TGase 1 knockout mice would reproduce the severe ichthyosis seen in LI as they aged. Unexpectedly, however, the knockout mice died within the early neonatal period before the appearance of an ichthyosiform phenotype (20) . We wondered whether not only the TGase 1 deficiency but also the postnatal environment might be involved in the pathogenesis of the ichthyosiform phenotype. Indeed, TGase 1 -/-mouse skin that matures after transplantation to nude mice reveals an ichthyosiform appearance with thickening epidermis, severe hyperkeratosis, and alopecia. We have recently reported a substantial delay in wound healing in the mature grafted TGase 1 -/-skin (35) . In that report, however, we did not characterize the dramatic remodeling of the phenotype that occurs after birth and no evidence was reported about its biological or clinical meaning. In the present study, we determined that the CEs are still lost and that abnormalities in the lipid lamellae and the CLEs remain even in maturing transplanted TGase 1 -/-mouse skin. Although the expression of TGase 2, TGase 3, and TGase 5 has also been found in the epidermis (40) (41) (42) , those other TGase isoforms were never able to compensate for the structural abnormalities during the maturation of TGase 1 -/-skin. On the other hand, it is likely that the role of TGase 2 in development of the skin may be sufficiently compensated by other TGase isoforms, because TGase 2 knockout mice show no morphological alterations of the skin (43, 44) .
Disorganization in the lipid lamellae has been reported in some cases of LI (32) neonates (20) . In keeping with our finding, the characteristic abnormal granules have also been recently documented in an adult LI patient with a TGase 1 mutation (45). Vacuoles or lipid droplets reported in IC type I and in some cases of IC type II seem to correspond to vacuoles seen in the cornified cells of the mature TGase 1 -/-mouse skin (14) (15) (16) . The origin of those vacuoles is unknown, but some are fused with remnants of lamellar granules in the SC, suggesting that they are related to lipid metabolism. If the CLE is truly derived from the limiting membranes of lamellar granules (46) , the vacuoles might be remnants of the granules composed of membranes unused for CLE formation in the TGase 1 -/-mouse epidermis. TEWL from the mature transplanted TGase 1 -/-mouse skin is, unexpectedly, as low as the control. However, when the extremely thickened scales are removed, TEWL returns to a level as high as that measured in TGase 1 -/-embryos and neonates. These results suggest that the massive hyperkeratosis that develops suppresses the uncontrolled TEWL from the surface of TGase 1 -/-mouse skin. In general, thickening of the SC and hyperplasia of the epidermis can be evoked in a low-humidity or dry environment (47, 48) . Therefore, it is likely that exposure of TGase 1 -/-mouse skin to an environment drier than that found in the uterus stimulates hyperplasia of the epidermis to produce massive scales. This regulation in the epidermis might manifest as the ichthyosiform phenotype in the mature TGase 1 -/-mouse skin.
The defective barrier structures of the SC are found not only in the epidermis of TGase 1 -/-mice, but also in the stratified squamous epithelia of their tongue and forestomach. In addition to dehydration, another reason for the early neonatal death of TGase 1 -/-mice might be barrier defects in those digestive organs that could affect the feeding of neonatal mice, but this is probably not a major problem because the general condition of TGase 1 -/-mice is so serious that they cannot even move freely to feed. TGase 1 is also expressed in the lung, liver, and kidney and is concentrated in the intercellular adherens junction of simple epithelial cells (38) . We examined TGase 1 -/-mice but found no ultrastructural abnormalities in simple epithelial cells of those organs or in the endothelial cells, or in their intercellular junctions. In those tissues, other TGases might compensate for the loss of function of TGase 1, but further study will be required to explore the precise roles of TGase 1 in those cells.
In conclusion, TGase 1 is indispensable for the assembly and organization of SC barrier structures and thereby for the postnatal survival of animals. TGase 1 deficiency with abortive barrier development of the skin causes permeability defects. In maturing transplanted TGase 1 -/-skin, these permeability defects can be compensated for by severe hyperkeratosis, which produces a physical barrier in order to adapt to the terrestrial environment. This adaptation process may result in the ichthyosiform skin phenotype seen in LI. 
